The current-voltage relation within narrow auroral current sheets is examined through the use of high-resolution data from the high-altitude Dynamics Explorer 1 satellite. The north-south perpendicular electric field and the east-west magnetic field are shown for three cases in which there are large amplitude, oppositely directed paired electric fields which are confined to a region less than 20 km wide. The magnetic field variations are found to be proportional to the second integral of the high-altitude perpendicular electric field. It is shown that at the small-scale limit, this relationship between AB and E is consistent with a linear "Ohm's law" relationship between the current density and the parallel potential drop along the magnetic field line. This linear relationship had previously been verified for large-scale auroral formations greater than 20 km wide at the ionosphere. The evidence shown here extends our knowledge down to the scale size of discrete auroral arcs.
INTRODUCTION
In this paper we present high-resolution measurements obtained with the Dynamics Explorer 1 spacecraft within very narrow current sheets. The data suggest that a linear "Ohm's law" is valid for the current-voltage relation within current sheets which are just a few kilometers in thickness. In each case presented here the perpendicular electric fields have the structure of "electrostatic shocks," i.e., oppositely directed pairs with magnitudes over 100 mV/m. The structure of these "shocks" is seen to be a consequence of the auroral currentvoltage relation.
Evidence for a linear Ohm's law relationship between fieldaligned current and parallel potential drop had previously been found by Lyons et al. [1979] and Menietti and Burch [1981] on the basis of measurements of precipitating electron fluxes at the ionosphere. In these experiments the potential drops above the satellites were inferred from spectral plots of electron flux versus energy. The total energy fluxes were found to be proportional to the square of the potential drops. This implied that the current density is linearly proportional to the voltage. Lyons et al. had measured parallel field line conductances in the range of 1 x 10-•o to 9.6 x 10-•o mho/m 2. The linear Ohm's law relationship was also verified in a recent study by Weimer et al. [1985] . Rather than measure electron fluxes, the 1985 paper employed a different technique based on the spectral analysis of perpendicular electric fields which were measured nearly simultaneously by the two Dynamics Explorer satellites at different altitudes on auroral field lines. The currents were inferred from magnetic field measurements. electrons precipitating into the ionosphere are derived from calculations of free particle motion in a dipole magnetic field. The presence of a parallel electric field above the point where the magnetospheric electrons would normally be reflected by the magnetic mirror force causes a fraction of the electrons to be precipitated. While the exact expression relating current to potential drop is fairly complex, with some assumptions the relationship can be simplified to one showing that the current density is linearly proportional to the field-aligned potential drop. The "conductance" value depends on the density and thermal energy of the magnetospheric electrons and can be expressed as [Lyons, 1981] 250 eV the conductance is 1.7 x 10 -9 mho/m 2. For n = 5 cm-3 and Kth = 100 eV the conductance is 1.4 x 10-8 mho/m 2, so there appears to be a good theoretical justification for the aforementioned observations. However, there has been very little work done in the area of downward current regions, although Stern [1981] does include some discussion on this subject. The kinetic theory calculations assume that a parallel electric field exists, without regard for how it is produced. Several mechanisms have been suggested as being responsible for producing the parallel electric fields, such as anomalous resistivity [Papadopoulos, 1977; Falthammar, 1977 The question has remained, What kind of current-voltage relation is there in these narrow regions (under 20 km wide at the ionosphere) where large-magnitude electric fields are found ? The S3-3 satellite lacked a magnetic field measurement with sufficient spatial resolution to determine the current structure on the same size scale as the electric field [Mozer et al., 1980] . The study by Weimer et al. [1985] had been limited to structures with spatial widths greater than 20 km at the base of the field lines. This 20-km limit had been imposed by the measurement of the electric field on the high-altitude DE 1 satellite, as the electric field in the spacecraft's orbit plane is measured with just one rotating double probe. A static electric field appears in the "raw" data as a sine wave with a 6-s period. The electric fields which had been used in the 1985 paper had been derived from a least square error fit of the signal to a sine wave. This fitting process works extremely well for measuring the large-scale electric fields which change on a time scale greater than the satellite spin period. But the rapid, small-scale variations, which usually have the largest magnitudes, are filtered out by this process. In order to obtain the electric field with a better spatial resolution, the sine wave modulation can be removed from the data in a more direct manner. In this paper we will show DE 1 electric field measurements with the highest possible resolution, and we will compare these electric fields to magnetic field measurements with the same time (spatial) resolution. The data show that an Ohm's law appears to be valid for current structures just a few where E x is the measured electric field above the potential drop. Therefore at very small wavelengths the ionospheric conductivity does not influence the high-altitude electric field, and there is a very simple relationship between the north- While the analysis leading up to this conclusion is based on the assumption of uniform ionospheric conductivity, the same relationship between E•, and ABy holds (at the small wavelength limit) if the conductivity is modified by precipitating electrons. One way to verify this is with a numerical calculation of ionospheric and high-altitude electric fields, given the field-aligned current as the input. With a constant conductivity and a sine wave current structure it is very easy to verify the analytical solution for the electric field ratios given in the paper by Weimer et al. [1985] . If the conductivity is then modified where the current is upward, by some function related to the current density, then the high-altitude electric field is changed at large wavelengths but is nearly identical to the constant conductivity case at small wavelengths.
OBSERVATIONS
Three examples of electric and magnetic fields from the high-altitude Dynamics Explorer 1 satellite are presented here. Table 1 contains a summary of the three event locations and field line mapping factors. The common feature of the three events is the presence of large-magnitude, oppositely directed electric fields confined to a narrow region of space. The cases for study were selected from a very limited set of data from early in the DE mission. High-resolution magnetometer data were compared to the electric field for only seven cases where large electric fields were found. Shown here are the cases where there is a good correlation between AB and E. In three cases where there was no apparent relationship the electric field structures were about three times wider; the requirement that (k/ko) 2 >> 1 does appear to be important. In another case large variations in all three magnetic field components indicated that the current was not in the form of a thin stationary period. With the assumption that the electric field is perpendicular to the magnetic field, the spin modulation can be removed by dividing each measurement by the sine of the angle between the double-probe antenna and the magnetic field in the spin plane. This demodulation procedure works well when the "spin phase angle" is large, but when the antenna is nearly parallel to the magnetic field there can be problems: a small error in the phase angle results in a distorted electric field, which goes to infinity when the angle is zero. To eliminate this effect gaps are introduced in the despun data whenever the magnitude of the phase angle is less than 30 ø .
The top panel in Figure 1 shows 30 s of high-resolution electric field data which has had the spin modulation removed by this technique. As subsequent steps in the data analysis require a continuous electric field, the gaps have been filled in Whereas in the previous case most of the magnetic field variations were due to upward currents, in this second example the downward currents are equally important. As before, different parameters were tested in order to find a model magnetic field which best matched the measured field.
In this case the most reasonable results were obtained with the addition of a + 3 mV/m offset to the electric field before doing the first integration. This compensated for a negative (northward), large-scale convection electric field which would be linearly proportional to AB according to (3). A +500-V offset was added to the potential before doing the second integration. This is justifiable on the basis that the region of downward current had been penetrated a few seconds before the starting time of There is still the question of which of the proposed mechanisms is responsible for creating the field-aligned electric fields. Evidence in favor of the magnetic mirror effect (hot electrons and ions mirror at different points on field lines, causing charge separation) as the source of a parallel potential drop is found in the first case shown here, as the potential jumped suddenly when DE 1 entered the plasma boundary sheet. However, the kinetic theory works in one direction only, for upward currents due to downward precipitating electrons. In the second example we have shown (Figure 4 ) the conductance appears to be the same for both upward and downward currents. This is a very puzzling result. In every case short wavelength "turbulence" in the electric field is present where the currents are most intense, suggesting that large-amplitude plasma waves may be associated with the currents. Anomalous resistivity may be important. Wave particle interactions might also explain how some ions get accelerated to energies higher than the measured potential drop.
From these data it is not possible to tell how the potential drop is distributed along the field lines. Abrupt jumps in the form of double layers may well be present. Our results do not contradict the stationary V-shaped and S-shaped electric equipotential models which are shown in the papers by and Mozer et al. [1980] . The three events shown here are good examples of cases where S-shaped contours could be present; i.e., the shocks are associated with a boundary between upward and downward currents. This type appears to be the most common, although a "pure" S shock has an electric field in one direction only and the events shown here have reversing fields. In the second case (Figure 4 ) the large electric fields are found on one edge of a downward current region which is nested between a larger region of upward current; the overall structure is like a V-shaped contour.
Finally, we address the "chicken and egg" problem of the origin of the field-aligned currents and potential drops. This is equivalent to asking if the source is a current or voltage generator. Lysak [-1985 ] has shown that small-scale structures are more consistent with current generators. The data shown here suggest that this is the case; the large-magnitude electric fields which are found at high altitudes do not form by themselves and subsequently drive the current. Instead, wherever current sheets are formed nature finds a way to make self-consistent adjustments so that the current flow is in proportion to a potential difference between the magnetosphere and ionosphere. Small-scale features require that the divergence of the high-altitude potential be large, resulting in the largemagnitude electric fields with a shocklike structure.
